Several recent laboratory observations that bear on the origin of the Bilateria are reviewed and interpreted in light of our set-aside cell theory for bilaterian origins. We first discuss new data concerning the phylogeny of bilaterian phyla. Next, we use systematic, molecular, and paleontological lines of evidence to argue that the latest common ancestor of echinoderms plus hemichordates used a maximal indirect mode of development. Furthermore, the latest common ancestor of molluscs and annelids was also indirectly developing. Finally, we discuss new data on Hox gene expression patterns which suggest that both sea urchins and polychaete annelids use Hox genes in a very similar fashion. Neither utilizes the complete Hox complex in the development of the larva per se, while the Hox complex is expressed in the set-aside cells from which the adult body plan is formed. Our current views on the ancestry of the bilaterians are summarized in phylogenetic terms, incorporating the characters discussed in this paper.
INTRODUCTION
Amazing as it might have seemed only 10 or 15 years ago, the great problem of animal origins has become both the source and the object of experimental inquiry. This is a consequence of the realization that the fundamental mechanism underlying the evolution of metazoan morphologies was change in the genomic regulatory programs that control development and of the accessibility of these programs to experimental investigation. Here we review several recent laboratory observations that bear specifically on the theory of bilaterian origins that we published several years ago (Davidson et al., 1995) . The argument put forth there and in several subsequent articles (Peterson et al., 1997; Cameron et al., 1998) consists essentially of the following tenets:
(i) Modern bilaterian animals, excepting the most complex and specialized forms such as insects, vertebrates, and cephalopods, utilize for embryogenesis a common set of developmental regulatory mechanisms. As discussed earlier, in this form of embryonic process (called Type 1 embryogenesis [Davidson, 1990 [Davidson, , 1991 ), lineage-specific blastomere specification begins right after fertilization and results in spatially differential, cleavage-stage activation of the embryonic genomes. This occurs in immediate response to short-range interblastomere signals and in reference to a maternal spatial coordinate system built into the egg. The important feature is that Type 1 embryonic processes result directly in the activation of genes encoding cell type-specific proteins characteristic of one or another differentiated cell type. As this mode of early development is found in all invertebrate deuterostomes (including invertebrate chordates), and also in most protostome clades, it is concluded to be primitive for Bilateria. Type 1 embryogenesis is utilized in indirectly as well as in many directly developing forms such as Caenorhabditis elegans, marine crustaceans, and ascidians (Davidson, 1991) .
(ii) The development of modern adult bilaterian body plans requires an elaborate genetic control apparatus, the capacities of which far exceed the regulatory repertoire of Type 1 embryogenesis. A key and general feature is the use of a special form of stepwise developmental regulatory mechanism that results in pattern formation. These are mechanisms in which spatial domains of unspecified cells are progressively assigned developmental "identities," thus creating anlagen or progenitor fields for parts of morphological structures, which together constitute the adult body plan. The molecular outcome of the specification of each such domain is the expression of given transcription factors in a bounded region defined by signaling systems. A general term denoting processes of this genre is "regional specification" (see Davidson, 1990 Davidson, , 1994 Cameron et al., 1998) . Their result is to set up regulatory domains within which different sets of downstream genes are activated or repressed, including those controlling extent of cell multiplication. Multiple rounds of regional specification are characteristically required before differentiation occurs within the terminal pattern elements of the structure. The key difference between maximal indirect development and direct development is that in direct development regional specification processes are telescoped immediately onto Type 1 embryogenesis so that assembly of the adult body plan begins at once. The genetic regulatory programs for the regional specifications required to construct the phyletic body plans of bilaterian clades can be regarded as their definitive, heritable, genomic characters. It is the origin as well as the current architecture of these genomic programs that we need to understand.
(iii) Genes of the panbilaterian Hox cluster affect adult body plan morphogenesis, specifically by intervening and/or participating in regional specification processes. They function at many levels in many morphogenetic contexts, by directly affecting pattern formation processes from early in development to nearly terminal stages (e.g., Stern, 1998) . Only very recently has the nature of Hox gene function been illustrated in molecular detail, by identification of the direct regulatory targets of Hox transcription factors, e.g., in the haltere (Weatherbee et al., 1998) and midgut of Drosophila (Bilder et al., 1998) . In addition, individual homeodomain transcription factors (including the products of individual Hox genes) often regulate celltype-specific target genes directly in the course of embryogenesis, including Type 1 embryogenesis.
(iv) The form of bilaterian organism that Type 1 embryonic processes alone are capable of generating can be perceived in modern indirectly developing organisms. In maximal indirect development, as defined earlier (Davidson et al., 1995; Peterson et al., 1997) , the embryo gives rise to a larva that bears little relation to the adult body plan, and the latter is formed by a separate postembryonic developmental process. In the maximal indirect development of both deuterostomes and protostomes only the larva is the direct product of the Type 1 embryonic process. This is typically a bilaterally organized micrometazoan which is the product of 10 Ϯ 2 rounds of division after fertilization, consisting of single-cell-thick structures. These are composed of a small number of differentiated cell types, e.g., muscle cells, neurons, ectodermal cells, several gut cell types, and mesenchymal mesodermal cells. However, there are no layers of mesoderm such as adult bilaterian body plans are virtually built upon, nor anything resembling a central nervous system. In contrast, the secondary larvae of direct developers (e.g., ascidian tadpoles, crustacean nauplii) possess a central nervous system (CNS), multilayered mesodermal structures, etc.
(v) In the maximal indirect development of modern forms the adult body plan is erected from "set-aside cells," the patches or lineages of cells set aside during embryogenesis from the Type 1 specification processes. After embryogenesis and larval development per se are complete, the setaside cell populations expand enormously by cell division and are developmentally patterned by regional specification processes. The mesodermal layers and the CNS of the adult body plan always form from set-aside cells, while usually, and to some extent, the gut derives from the larval gut. Of course, set-aside cells are utilized as well in many aspects of later development: as examples consider imaginal disc cells in arthropods, hematopoietic stem cells in vertebrates, and mesenchymal cells in ascidians. But we focus here on the use of set-aside cells to create the phylotypic essentials of the adult body plan.
Our concept of the evolutionary origin of the bilaterians was based on these propositions. We thus proposed that the initial stem-group bilaterians were a micrometazoan fauna, whose grade of organization was that which could be constructed solely with Type 1 embryonic regulatory processes. This fauna, probably extinct since before the Cambrian, could have existed for hundreds of millions of years earlier. This places the antiquity of the intercellular signaling systems and gene batteries for the differentiation of basic cell types far beyond that of the adult body plans of modern bilaterians, relatives of which first appear in the fossil record in the Precambrian Ediacaran faunas. The origin of these body plans, and hence of the modern or crown-group Bilateria, would have required both the appearance of set-aside cells, i.e., cells not subject to the limitation of division potential characteristic of Type 1 embryo blastomeres, and the evolutionary construction of genetic regulatory apparatus necessary for carrying out pattern formation by regional specification. The genomic apparatus for patterning set-aside cell progeny would thus have been superimposed on that specifying the development of the stem-group micrometazoan ancestors of the Bilateria. A key inference is that the basal micrometazoan regulatory platform would have included representatives of all the families of transcription factors and signaling molecules later used in modern animals for regional specification, but in their original context applied only to cell-type specification. Hence the crown-group bilaterians derive from dramatic reorganizations of the regulatory interactions in which these same genes participate, a reorganization which resulted in the appearance of a new regulatory architecture for pattern formation, now designed to function in the context of essentially limitless cell growth.
There are two corollaries to these propositions that are the particular issue of this paper. First, it follows from them and from elementary phylogenetic considerations that the latest stem-group bilaterian prior to diversification into the great bilaterian clades would have utilized some form of indirect development. That is, we would define stem-group ancestors of all modern bilaterians as forms which began using set-aside cells and regional specification processes for patterning the progeny of these cells. But these innovations would have occurred in micrometazoan organisms produced by the more ancient Type 1 embryonic processes. Therefore, indirect development of some kind should be primitive for Bilateria. We have addressed this corollary earlier, pointing to the widespread phylogenetic distribution of maximal indirect development in disparate modern bilaterian phyla. We also adduced as supporting evidence what seems to us the otherwise inexplicable homologies that can be perceived both among protostome and among deuterostome larvae: examples are similarly constructed protostome trochophore larvae that give rise to entirely different adult body plans, e.g., unsegmented echiurans and segmented annelids, and deuterostome dipleurula larvae that similarly generate unrelated adult body plans, e.g., bilaterally organized hemichordates and radially organized echinoderms (Peterson et al., 1997) . However, interpretation of larval similarities as homologies has remained controversial: there is no a priori reason to exclude convergence as an explanation for larval forms. In the following we review recent evidence that we think indicates clearly the polarity of the evolutionary processes that relate direct and indirect development within given clades, the point on which the argument essentially turns.
A second corollary deriving from these ideas concerns Hox gene utilization in modern examples of maximal indirect development. The propositions above predict that the Hox gene cluster, as such, will not be utilized for Type 1 embryo-to-larva developmental processes, but will be expressed only in the context of the patterning processes that occur in set-aside cells and their progeny (Davidson et al., 1995) . This prediction has now been tested for a deuterostome (Arenas-Mena et al., 1998) and is in process of being tested for a polychete annelid (unpublished data), as we review below.
PHYLOGENY
As a basis for the following considerations a bilaterian phylogeny is presented in Fig. 1 , essentially as indicated by the ribosomal RNA phylogenies that have recently appeared (see the legend for references). The phylogeny portrayed is constructed so as to avoid as much as possible controversial branch placements. Thus within both the Lophotrochozoa and the Ecdysozoa many of the internal phylogenetic relationships are left undefined (i.e., they are represented as polychotomies), since these relationships have no particular bearing on our main theme. Some obvious sister groups based at least in part on morphology are indicated, e.g., annelids and echiurans, molluscs and sipunculids, the panarthropods, and the nematodes and nematomorphs. For present concerns the main point of Fig.  1 is that Lophotrochozoa, Ecdysozoa, and Deuterostomia are each monophyletic clades. Furthermore, there is increasing (though not as strong) evidence for a monophyletic Protostomia, constituted of the two great protostome clades, i.e., the Ecdysozoa and the Lophotrochozoa. In addition, all studies, both molecular and morphological, agree on the monophyly of Deuterostomia. It is very important to stress that this tripartite bilaterian phylogeny is now supported not only by ribosomal RNA sequence relationships but at key points on the entirely independent basis of Hox gene sequence relationships (Balavoine, 1997; Finnerty and Martindale, 1998; de Rosa et al., 1999) . A second very important point for our present purposes, which is illustrated in Fig. 1 , is that the Bilateria are monophyletic, the sister group of Cnidaria (we have omitted Ctenophora, due to the equivocal and conflicting nature of the available evidence relevant to their phylogenetic position). Hence, there was a latest common ancestor of bilaterians which must antedate representatives of any of the three bilaterian clades.
INDIRECT DEVELOPMENT: PHYLOGENY AND EVOLUTION
There is a classical view of life cycle evolution, according to which the bilaterian ancestor had a pelagic larval phase and a benthic (bottom dwelling) adult form (Jä gersten, 1972; Nielsen, 1995) . That is, these ancestors are conceived to have developed their benthic forms indirectly. They are supposed in turn to have derived evolutionarily from small animals that moved and fed by means of cilia (as in the trochea theory of Nielsen and Nørrevang [1985] and Nielsen [1985] , which incorporates some ideas originally of Haeckel [1874] ). In contrast, Haszprunar et al. (1995) has argued that a form of direct development, in which the larva relies on its maternal store of yolk for nutrients (lecithotrophy) rather than on ingestion of pelagic microorganisms (planktotrophy), is primitive for bilaterians. This view requires that the defining morphological characters of various protostome trochophore larvae evolved convergently. The alternative interpretation is that planktotrophic larval development is primitive and that lecithotrophic development evolved from it repeatedly (Strathmann, 1978 (Strathmann, , 1993 Wray, 1996) .
The arguments we put forth here do not derive in any way from theories of life cycle evolution. Developmental mode (direct or indirect) depends on genomic regulatory apparatus, and evolutionary arguments regarding the appearance of novel biological forms must focus on the origins of this regulatory apparatus rather than on life cycle features. The key issue that we address in the following is instead the polarity of the evolutionary transitions between direct and indirect forms of development. The phylogenetic distribution of these modes of body plan formation shows that such transitions must have occurred many times during bilaterian evolution (Strathmann and Eernisse, 1994) . Whether FIG. 1 . Phylogeny of the bilaterian phyla derived from primarily 18S rDNA and Hox studies (see Finnerty and Martindale, 1998; de Rosa et al., 1999) with some morphological considerations. The bilaterians (shown in color) are divided into three major groups: the deuterostomes (red) (Wada and Satoh, 1994; Turbeville et al., 1994; Eernisse, 1997) , the lophotrochozoans (green) , and the ecdysozoans (blue) (Aguinaldo et al., 1997; Giribet and Ribera, 1998) . The latter two groups are monophyletic and together constitute the protostomes (Giribet and Ribera, 1998) . Also indicated are the occurrences of maximal indirect development (indicated with a picture of the respective larval type). Many deuterostomes and lophotrochozoans possess primary larvae, but these are conspicuously absent in the Ecdysozoa. The trochophores found in molluscs and sipunculids are entirely lecithotrophic (Nielsen, 1995) ; most other lophotrochozoans have both planktotrophic and lecithotrophic trochophore larvae and are thus indicated with a distinct larval vignette. Rotifers present a unique case in which the adult stage is similar to the trochophore larvae of other lophotrochozoans (see Peterson et al., 1997) . The echinoderm/hemichordate sister grouping is also supported by mitochondrial analyses (Castresana et al., 1998a,b) . The relationships among the ecdysozoans are derived primarily from Schmidt-Rhaesa et al. (1998) . Inclusion of the chaetognaths into this clade is from Halanych (1996) and Eernisse (1997) ; their basal position is proposed because although they possess a cuticle with chitin, it lacks specific morphological details found in the cuticles of gastrotrichs and the other ecdysozoans. Within the lophotrochozoans the division of spirlians into two distinct clades is from Garey et al. (1998) . The rotifer (which includes acanthocephalans, Garey et al., 1996 Garey et al., , 1998 ) ϩ cycliophoran clade is supported by 18S rDNA (Winnepenninckx et al., 1998) ; the rotifer ϩ gnathostomulid clade is based on several unique morphological characters (e.g., Rieger and Tyler, 1995) , but is contrary to 18S rDNA evidence, which proposes a chaetognath ϩ gnathostomulid sister grouping (Littlewood et al., 1998) . The annelid ϩ echiuran and mollusc ϩ sipunculan sister groupings are based on development via larval forms is indeed primitive for Bilateria depends on the polarity of these transitions.
The occurrences of maximal indirect development within bilaterian phyla are indicated at the top of Fig. 1 . It is immediately apparent that while maximal indirect development is conspicuously absent in ecdysozoans, it occurs in most deuterostome and lophotrochozoan clades. A reasonable interpretation is that the latest common ancestor of deuterostomes (and possibly lophotrochozoans) utilized a dipleurula larva in its development, and similarly that the latest common ancestor of lophotrochozoan spiralians utilized a trochophore-like larva. In this case, however, numerous transitions to direct development must have occurred, since most of the clades marked on Fig. 1 also contain some direct developing forms. The converse possibility, that direct development is primitive, requires multiple convergent recurrences of indirect development.
Here we apply three different lines of evidence to establish the polarity of these transitions: (1) successive outgroup comparison, (2) molecular data that directly support detailed mechanistic similarities between the larvae or the larval structures of diverse clades, and (3) paleontological evidence demonstrating the direction of change in select taxa. We begin with the echinoids, in which the polarity would appear unequivocally established, and we then work our way toward the latest common ancestor of the bilaterians. Figure 2 shows a phylogeny of echinoderms, with the echinoids (sea urchins) shown in blue at the lower left-hand corner. It is immediately apparent that on phylogenetic grounds alone maximal indirect development is likely to be primitive for echinoids. The only monophyletic group of genera that is entirely direct developing is the echinothuroids. To a greater or lesser extent all other clades include species that utilize planktotrophic larvae, which is to say they develop by maximal indirect processes. For example, the only two species of echinoidans which have direct development are Heliocidaris erythrogramma and Pachycentrotus bajulus (not indicated on the figure) ; all other species of the genera indicated on Fig. 2 are maximal indirect developers (Emlet et al., 1987) . Significantly, H. erythrogramma shows vestiges of the larval skeleton and epaulettes (Emlet, 1995) , as well as retaining some of the larval ectoderm cell lineage assignments of its relatives (Wray and Raff, 1990) . The evolution of lecithotropy in this species is thought to have happened within the past 10 million years or so (Smith et al., 1990; MacMillan et al., 1992) , and the polarity of the transition is clearly from indirect to direct development. New experimental observations support this argument. Raff et al. (1999) fertilized H. erythrogramma eggs with the sperm of its congener H. tuberculata, which displays a typical echinoid form of maximal indirect development. The resulting embryos were not only viable, but the hybrids exhibited a striking restoration of feeding larval structures, due to paternal gene expression. Interestingly, the larval morphology of the hybrids was similar to that of the "dipleurula" larvae found not only in other echinoderms, but in hemichordates as well (see Nielsen, 1998) . Hybridization studies in ascidians have also demonstrated restoration of morphological larval features that had been lost in one of the two species (Swalla and Jefferey, 1990; Jefferey and Swalla, 1991) . The experiment of Raff et al. (1999) shows that the evolution of direct development in the ancestors of H. erythrogramma involved the disabling of the genetic regulatory program required to generate the larva, which is rescued in the hybrid. Thus it is inescapable that the latest common ancestor of this genus was a maximal indirect developer, and this case illustrates the polarity of a transition to direct development in echinoids; the latest common ancestor of all echinoidans was also obviously an indirect developer (node A of Fig. 2 ).
Elegant paleontological investigations have shown that the evolution to direct development within echinoid clades is a rather recent phenomenon. Emlet (1985) demonstrated that of the 10 apical plates found in the adult echinoid test, the crystal axes of 6 are determined by the crystal axes of the larval skeleton, while the other 4 are formed de novo. Hence, a plate that begins as an elaboration of a larval rod has its major axis parallel to the major axis of the rod from which the plate starts. In a maximal indirect developer, the orientation of the major axes of these plates therefore departs significantly from perpendicular with respect to the plate surface. On the other hand, in a direct developer the major axes of all the apical plates lie perpendicular to the plate surfaces. Whether a fossil echinoid utilized a larval stage can simply be determined by examining the orientation of the major axes of key apical plates. Two other lines of evidence are also available for inferring the developmental mode of fossil sea urchins: first, direct developers usually have large yolky eggs and this increase in size is reflected in gonopore size, and second, brooders often have indentations on the adult test where offspring are kept (Jeffery, 1997) . Using all three lines of evidence, Jeffery (1997) showed that direct-developing forms appeared only recently in the geological history of echinoids. Echinoids have a fossil record extending back to the Ordovician (roughly 450 Ma ago) (Smith, 1984) , and for the first 350 unique embryological characters found in each clade (see Ruppert and Barnes, 1994) . See Cohen et al. (1998) for the phoronid ϩ brachiopod sister grouping. Note that this is a very conservative tree and aside from the tripartite division of bilaterian phyla and the interrelationships among the deuterostomes, the interrelationships among the phyla within the ecdysozoans and lophotrochozoans are not critical for this article.
million years of echinoid history there is no evidence for any direct developing clades. The evolution of direct development is not seen until the Late Cretaceous, when nine clades independently lost the larval stage. Further loss of planktotrophy is seen in the subsequent Tertiary and Quaternary periods (see also Smith, 1997) . These Cenozoic larval casualties include the echinothuroids (Jeffery, 1997) , none of which develop indirectly today (Emlet et al., 1987) . In fact, echinothuroid embryos still display vestiges of larval structures (Amemiya and Emlet, 1992) . Interestingly, the loss of planktotrophy in echinoids correlates temporally with the loss of planktotrophy in gastropod and bivalve
FIG. 2.
The occurrences of maximal indirect development amongst echinoids (blue), asteroids (green), echinoderms (red), and hemichordates (purple). If any member of the taxon displays maximal indirect development, the respective larval type is indicated by an icon. On the higher level groupings of genera, the number of genera with maximally indirect developing species of the total number of documented genera is given to the left of the larval vignette (data from Emlet et al., 1987) . Nodes are indicated by capital letters and are referred to in the text. Note that direct development (indicated by lack of a larval icon) has evolved at every level of the taxonomic hierarchy, from monophyletic assemblages of phyla (Ecdysozoa), phyla (Chordata), "classes" (e.g., pterobranchs, crinoids), "orders" and "families" (e.g., echinasteridans, echinothuroidans), genera, and species (H. erythrogramma). The interrelationships among echinoidan genera and among echinoid groups are from Littlewood and Smith (1995) , among asterinids from Hart et al. (1997) , among asteroids from Lafay et al. (1995) , and among echinoderms from Smith et al. (1993) and Littlewood et al. (1997) . The interrelationships among hemichordates are derived both from considerations of molecular studies, which support a sister grouping of a pterobranch and a harrimaniid enteropneust (Saccoglossus) to the exclusion of a ptychoderid enteropneust (Balanoglossus) (Halanych, 1995) , and from morphological considerations, which indicate that only pterobranchs and harrimaniids (or most of them) possess a ventral postanal stalk and two hydropores. The placement of the spengelids is conjectural but there may be similarities in the gill structure between harrimaniids and spengelids. The close relationship between pterobranchs and harrimaniid enteropneusts is also supported by additional 18S and mitochondrial 16S rRNA gene sequences (C. B. Cameron, J. R. Garey, and B. J. Swalla, unpublished data). The remaining phylogenetic hypotheses are discussed in the text and in Fig. 1. molluscs (Jeffery, 1997) , as the earliest undisputed evidence of nonplanktotrophy in both these taxa is also from the Late Cretaceous (Jablonski, 1986) .
In summary, it is a clear and unambiguous conclusion that the latest common ancestors of all echinoids at node B of Fig. 2 were a maximally indirectly developing population. Given that all other eleutherozoan groups (i.e., asteroids, ophiuroids, echinoids, and holothurians, which is to say all modern echinoderm groups except crinoids) also have primary larval stages, the latest common ancestor of eleutherozoans (Fig. 2 , node E) must have utilized maximal indirect development as well (see also Smith, 1997; Nielsen, 1998) .
1 It is also important to note that because of the ease with which larval development can be lost, and direct forms of development appear, the hypothesis that maximal indirect development is primitive may sometimes seem unparsimonious. Asteroids (Fig. 2, green) provide an instructive example. A recent molecular investigation of asterinid relationships (Hart et al., 1997) showed that by the argument of parsimony some form of direct development is primitive for this clade (two independent gains of planktotrophy vs four independent losses of planktotrophy). Nonetheless, in the case of the asterinids, each successive outgroup, which importantly includes most of the basal clades (including some not shown on the figure, e.g., benthopectinids; Smith, 1997) , has species that utilize planktotrophic larvae (Emlet et al., 1987) . Therefore, as Hart et al. (1997) concluded, maximal indirect development is ancestral for this clade of starfish (Fig. 2 , node C), though that is not the most parsimonious reconstruction of the ancestral state.
The hypothesis that echinoderms as a whole were primitively indirect developers (Fig. 2, node F) does not predict the fact that crinoids, the sister group of the eleutherozoans, are entirely direct developers and probably have been since at least the early Mesozoic (Smith, 1997) . Nonetheless, the relevant outgroup (Fig. 1) , the Hemichordata (Fig.  2, purple) , possesses primary planktotrophic larvae constructed similarly to those of eleutherozoans. Detailed similarities include the structure of the ciliated band, the morphology of the gut, and the development, molecular biology, and disposition of the adult mesodermal set-aside cells (Peterson et al., 1997 (Peterson et al., , 1999a Nielsen, 1998) . Furthermore, as is the case with asteroids, it is the basal hemichordate clade (i.e., enteropneusts such as the ptychoderids) which displays maximal indirect development (see legend of Fig. 2 for references) . Direct development (as seen in the harrimaniid enteropneusts and the pterobranchs; see Fig. 2 ) is clearly derived within the hemichordate clade.
The notion that significant similarities are shared by all deuterostome dipleurula larvae is further supported by new studies on Brachyury expression in enteropneust hemichordates (Tagawa et al., 1998; Peterson et al., 1999a) , asteroid echinoderms (Shoguchi et al., 1999) , and echinoid echinoderms (unpublished data). Thus both hemichordate and echinoderm dipleurula larvae express the Brachyury gene in the oral and anal regions of the larval gut. This suggests that the latest common ancestor of hemichordates and echinoderms (Fig. 2, node H) would also have expressed Brachyury in these regions of the gut. In addition it would have expressed the Brachyury gene in its mesodermal set-aside cells (Peterson et al., 1999a,b) , supporting the obvious morphological homology of these cells and their coelomic derivatives (Peterson et al., 1997) . The homologous early development of their mesoderm is among the most basic and fundamental mechanisms utilized for constructing the adult body plans of these taxa.
The latest common ancestor of echinoderms (Fig. 2 , node F), hemichordates (Fig. 2 , node G), and echinoderms ϩ hemichordates (Fig. 2 , node H) must thus have utilized maximal indirect development. But in order to establish polarity for deuterostomes (Fig. 2 , node I), we must now move to the protostome side of the Bilateria (Fig. 2, node K) . As mentioned above, the lophotrochozoan protostomes include many taxa that generate trochophore or trochophore-like larvae (Fig. 1) . The case for the primitiveness of the trochophore larva among lophotrochozoans is not at all as obvious as is the primitiveness of the dipleurula larva among hemichordates and echinoderms.
2
Conway Morris (1998a,b) has argued that the trochophore larvae of annelids and molluscs are similar only because they are convergent. His argument can be paraphrased as follows. Wiwaxia, a taxon from the Middle Cambrian, is thought by him to show both annelid and molluscan 1 Eleutherozoa display many variants of indirect development, some quite bizarre. For example, two species of ophiuroid larvae release the adult rudiment and then form a new one (Balser, 1998) . The new rudiments are probably constructed from set-aside cells just as is the initial one. Other examples concern asexual regeneration in sea star larvae, but these lie beyond the scope of our concerns (Bosch et al., 1989; Jaeckle, 1994; Vickery and McClintock, 1998 ).
2 For example, Haszprunar et al. (1995) have argued for convergence as the explanation for the similarities displayed by the trochophore larvae of diverse protostome clades on the basis that: (1) in many groups the basal members lack planktotrophy; (2) the primitiveness of maximal indirect development is less parsimonious than the alternative hypothesis, i.e., direct development; (3) there are dissimilarities between the larvae of various spiralians; and (4) some groups such as rotifers are clearly not related to spiralians but are closely related to other "aschelminthes" and hence the similarities of their ciliated bands to the ciliated bands of spiralians must be convergent. The first argument is invalidated by outgroup analysis, as in the case we discuss, and we discount the importance of the second, as indicated in text. Argument (3) is irrelevant because it is the similarities which concern us here (as is the case with any cladistic analysis or systematic survey); dissimilarities merely show in this case that larvae are free to evolve independently as have their respective adult stages (see . Argument (4) has recently been shown to be false because rotifers nest within taxa which possess trochophore or trochophore-like larva, and not with classical "aschelminth" taxa (e.g., nematodes, priapulids), which are now known to be ecdysozoans (see Fig. 1 ).
affinities. He considers halkieriids, another strange group of Early to Middle Cambrian fossils, to be closely related to Wiwaxia, and hence to molluscs and annelids. However, halkieriids also have shells on both ends of their body which are reminiscent of brachiopod shells. Halkieriids are thus concluded to be ancestral to several diverse protostome phyla, including annelids, molluscs, and brachiopods. Recently, Bengtson and Zhao (1997) described what appears to some to be an embryo of a segmented worm-like creature. This large spherical fossil (1 mm in diameter), if it is an embryo, is clearly that of a direct-developing form, because of its size. This fossil could be that of a halkieriid embryo (Conway Morris, 1998a,b) . If halkieriids were ancestral to these protostome phyla, and if they were direct developers, then the trochophore larvae of indirectly developing annelids and molluscs must have evolved independently within each crown group.
The conclusion that similarities among trochophore larvae are the result of convergent evolution can be challenged experimentally, and it is not necessary to address the paleontological interpretations on which this scenario is based. Thus, for example, and Damen et al. (1997) showed convincingly that the trochophores of annelids and molluscs share detailed similarities in the genetic regulatory circuitry underlying the development of trochophore-specific features. These features can hardly have arisen by convergence. In the development of the molluscan trochophore, among the earliest territories to be specified are those which produce the trochoblasts, the highly distinct cells which will ultimately form the prototroch and associated structures (Damen et al., 1994 ; reviewed by van den Biggelaar et al., 1997) . The initial specification of trochoblasts is autonomous (see Davidson, 1991) , such that isolated trochoblasts will divide twice, arrest cleavage, and then generate long cilia. However, like autonomously specified lineages in other taxa (e.g., primary mesenchyme cells in sea urchins; Davidson et al., 1998) , their final disposition in the molluscan embryo depends upon signals from surrounding cells. The trochoblasts display lineage-specific gene expression, in this case of the ␤-tubulin gene. showed that this specificity is achieved through modular elements of the cis-regulatory system controlling the ␤-tubulin gene. At least four distinct sets of DNA-protein interactions are required. The polychaete annelid trochophore also has trochoblasts, which are autonomously specified in a very similar manner: not only are the lineages identical to the molluscan lineages, but isolation of annelid trochoblasts also results in two successive divisions followed by cleavage arrest and development of cilia. Furthermore, ␤-tubulin is also expressed in polychaete trochoblasts at very high levels, as measured by probe excess titrations (K. J. Peterson et al., unpublished data) . Most importantly, Damen et al. (1997; see also van den Biggelaar et al., 1997) showed that the 5Ј upstream region of the Patella ␤-tubulin gene will correctly drive expression of a reporter construct not only in the trochoblasts of other molluscan embryos (including a polyplacophoran and a scaphopod), but in the trochoblasts of polychaete annelid embryos as well. Hence, the trochoblasts of annelid and molluscan embryos express the same lineage-specific gene, and expression is driven by the same set of transcription factors. On the other hand, this construct does not drive reporter expression in sea urchin embryos nor in other ciliated cell types in mollusc and annelid embryos. The trochoblasts are larva-specific cells which generate larva-specific features, and their provenance and regulatory circuitry in annelid and molluscan embryos can only indicate a common ancestry, not convergence. It follows that the latest common ancestor of annelids and molluscs (Fig. 2, node J) utilized a trochophore larva. This implies that other spiralians with prototrochs (e.g., sipunculans, echiurans, entoprocts, possibly rotifers and cycliophorans) are also descended from a similar latest common ancestor. Hence trochophore and trochophore-like larvae must be primitive for at least spiralians if not for all lophotrochozoans.
In many ways the dipleurula larva of deuterostomes and the trochophore larva of lophotrochozoans resemble one another, even though their morphology differs. Both utilize Type 1 embryogenesis (see Davidson, 1991; Davidson et al., 1995;  and the data discussed above), which divides the cleavage-stage embryo into a set of polyclonal territories. These territories support lineage-specific expression of differentiation genes beginning prior to any cell migration. Cell-type specific genes are turned on very early in both larval types, i.e., during cleavage. Both kinds of larva are similar in grade of organization, each consisting of a millimeter-sized "pseudocoelomate" organism, composed of a basic repertoire of cell types including endomesodermal, nervous, and sensory cells. Finally, both use set-aside cells for the construction of the adult body plan. Set-aside cells clearly build the main trunk segments of polychaete annelids (reviewed in Peterson et al., 1997) , and a recent paper shows that in the mollusc Aplysia the cerebral ganglia are formed from a set of cells different from those which give rise to the larval apical ganglion, which is jettisoned at metamorphosis (Marois and Carew, 1997) . Similarly in the mollusc Patella the adult shell muscles are all of entirely independent origin from any larval muscles, which are also reduced or lost at metamorphosis (Wanninger et al., 1999) . The use of larva-specific Type 1 differentiation processes and the generation of adult body plan structures from set-aside cells in lophotrochozoans as well as in deuterostomes may be homologous. This would indicate the character of the common ancestor of both groups, at node L of Fig. 2 .
EXPRESSION OF THE Hox GENE CLUSTER IN MAXIMAL INDIRECT DEVELOPMENT
Maximal indirect development affords the opportunity of determining the expression of given genes in the separate processes of adult body plan formation, and of embryogen-esis, during which the structures of the larva required for its free-living subsistence are generated. In cellular terms these processes are spatially distinct, since key domains of the adult body plan form from identifiable set-aside cells. To a greater or lesser extent they are temporally distinct as well. In echinoids displaying maximal indirect development the embryonic process produces a bilaterally organized micrometazoan organism in 3 days which is capable of a freeliving, motile existence for months. We showed that the larva develops exactly the same structures whether or not it contains the rudiment from which the adult derives (Davidson et al., 1995) . Its tripartite gut and the ciliated ectoderm are each a single cell layer thick, and in the ectoderm are embedded some light-sensitive pigment cells and a thin net of neurons. Feeding is conducted by a ciliated band. Muscular sphincters animate the digestive tract, and there are a few mesenchymal fibroblasts within the large blastocoel, plus some skeletogenic mesenchyme, the spicular products of which extend the swimming arms and endow the larva with its trapezoidal shape. In the species we work with there are about 1800 cells when larval feeding begins, and thereafter, while the adult rudiment grows continuously to 1.5 ϫ 10 5 cells at emergence (Cameron et al., 1989) only two to three additional replications occur in the cells constituting the larva-specific structures. At the end of embryogenesis the set-aside cells are located in two prominent pouches of about 10 cells each, protruding on either side of the foregut. The progeny of those cells form the pentamerally symmetric mesodermal components of the juvenile. From these cells derive the adult coeloms, the water vascular system, the calcite test and spines, and the germ cells (Pearse and Cameron, 1991; Ransick et al., 1996; Davidson et al., 1998) . The CNS and most of the epidermis of the juvenile derive from the floor of an ectodermal invagination which appears to originate in another, very small population of set-aside cells located in the oral ectoderm of the embryo. In a recent study (Arenas-Mena et al., 1998) we challenged our 1995 prediction and asked whether the genes of the echinoid Hox cluster are utilized in the formation of the differentiated, bilateral larva, or in the formation of the pentaradial adult body plan, or both.
Unfortunately the Hox gene complex of no echinoid had been described, and only scattered evidence was available with respect to developmental expression of individual Hox genes. To make a long story short, we therefore mapped the Hox complex of the sea urchin Strongylocentrotus purpuratus using large genomic BAC and PAC recombinants (Martinez et al., 1999) . As in amphioxus (García-Fernandez and Holland, 1994) , there is a single Hox cluster, which includes at least 10 genes. By sequence the homeodomains of the implied Hox transcription factors are of unmistakably deuterostome affinity. The complex contains representatives of all vertebrate paralogue groups (except that there is only one Hox4/5 gene), including also Hox1, Hox2, and Hox3 genes. All of the eight Hox genes so far examined are expressed copiously during adult body plan formation (Arenas-Mena et al., 1998) . More importantly, all of those Hox cluster genes so far investigated by in situ hybridization are indeed expressed in the progeny of the set-side cells, i.e., as elements that will give rise to structures of the juvenile (so far these are Hox3 [Arenas-Mena et al., 1998] and Hox7, Hox8, Hox9/10, Hox11/13a, and Hox11/13b [Arenas-Mena, Cameron, and Davidson, unpublished data] ). Hox3 is expressed in the five symmetrically arrayed nascent tooth sacs of the juvenile early in rudiment development. This result is a nice demonstration of the truth that it is the taxon-specific regulatory programs with which each organism is endowed that determine both the developmental loci of Hox gene expression and their downstream patterning targets (cf. Akam et al., 1994; Weatherbee et al., 1998; Knoll and Carroll, 1999) . So far no real surprises: the more shocking observation that emerged from this study was that 6 of the 8 Hox cluster genes examined by Arenas-Mena et al. (1998) are not significantly expressed at all until embryogenesis is complete. This was established by measurements of Hox gene mRNA content per embryo, measurements which far exceed the sensitivity of in situ hybridization for this material and which detect transcripts down to the level of a few tenths of a molecule per average embryo cell. The other 2 genes are expressed during embryogenesis in particular cell types (Angerer et al., 1989; Dobias et al., 1996; Arenas-Mena et al., 1998; Ishii et al., 1999) . Thus our observations support the panbilaterian developmental function of the Hox gene cluster per se in adult body plan formation. But they fly in the face of the assumption that development of all bilaterian animal forms depends on Hox cluster function, since the free-living echinoid larva is such a form. So far at least, a correct statement is that in echinoids the Hox gene cluster is expressed in set-aside cell progeny during the early phases of adult body plan development.
Because these results could be thought a peculiarity of the extreme echinoid mode of indirect development, in collaboration with M. Martindale and S. Irvine we are now examining expression of the orthologous Hox genes of an indirectly developing lophotrochozoan protostome, the polychaete annelid Chaetopterus sp. This organism also displays a form of indirect development, via a modified trochophore larva of the type generated by many spiralians. As discussed above, recent molecular evidence strongly supports the conclusion that the trochophore larvae of all spiralians are homologous and are derived from a common ancestor. In real time the Chaetopterus adult body plan forms much more rapidly than does that of S. purpuratus. The mesodermal and CNS components of the trunk of the adult body develop from columns of segmental founder cells that are thought (by analogy with other annelid and molluscan embryos) to be budded off from germ band stem cells that are segregated early in development (postembryonic indirect development in polychaetes is reviewed by Kumé and Dan, 1968; Irvine and Martindale, 1996; Shankland and Savage, 1997) . The presumed germ band stem cells are an easily detected, discrete set-aside cell population (Peterson et al., 1997) , although in no modern studies have the lineages of their progeny actually been traced. Irvine and Martindale isolated fragments of many Hox complex genes (Irvine et al., 1997) and showed by in situ hybridization that all are expressed during adult body plan formation . Though our collaborative studies are still in progress, a result key for the present discussion is shown in Fig. 3 . Expression of five different Hox genes in embryonic Chaetopterus, two of which are shown, occurs in the presumed germ band stem cells. One gene is also expressed in the gut, and another in the protonephridia, but for the other three the locus of expression is exclusively in the set-aside cells and not in any cells constituting the bilateral structures of the feeding larva. In addition, probe excess titrations of Hox gene transcripts show that only one of the five Hox genes is utilized in the midgastrula stage or in the earliest trochophore stage (unpublished measurements). The import of these results is that the Hox complex is used in patterning elements of the adult body plan rather than for development of the larva-specific structures. This is a conclusion similar to that we obtained in the sea urchin, though in the context of the remarkably different developmental morphology of the lophotrochozoan embryo/larva.
It is important to emphasize that the similarities in utilization of the Hox complex in annelid and echinoderm larvae are not due merely to the small size of the larvae. Ascidians provide an instructive counter example. The end product of their embryonic process is the tadpole "larva," a small but complex animal complete with CNS, notochord, tail muscles, etc. As expected, Hox genes in this directly developing embryo are upregulated by the neurula stage, and as in their vertebrate cousins, these genes appear to be expressed in a nested sequence along the A-P axis of the CNS (Katsuyama et al., 1995; Gionti et al., 1998) . Thus, the Hox complex is utilized in the secondary ascidian larva in the development of an essential component of its body plan.
We were led to carry out experimental observations on Hox complex utilization in indirect development by the arguments concerning bilaterian origins sketched in the first section of this paper, and their outcome is relevant to this mystery. First, they show that the regulatory apparatus required to build a bilaterally organized micrometazoan organism that is capable of free-living existence, and that is composed of fully differentiated cells, does not necessarily include the Hox complex per se (though some individual Hox genes may indeed be utilized in particular cell types). Were we to have obtained the reverse results, it would have gravely weakened the proposition that there could have existed ancestral bilaterian forms which were the product of only Type 1 embryonic processes and were devoid of regional specification patterning mechanisms. Second, the sea urchin results confirm the proposition that the Hox complex is specifically required for adult body plan formation since only in the context of a temporally separate phase of maximal indirect development can adult body plan formation be considered at the cellular level separately from embryonic development. In directly developing animals such as the chordates, or all modern ecdysozoans, adult body plan formation is telescoped down upon embryogenesis, and it is often difficult or impossible to distinguish these phases. Third, they suggest that the lophotrochozoan and the deuterostome embryo/larva are in some distant sense homologous: as discussed above, they have a common grade of morphological organization, they consist of a common set of differentiated cell types, and they are built by common Type 1 regulatory mechanisms. Here we see what may be similar utilization of the Hox gene complex, thus implying homologous functions. In sum, the developmental processes by which the embryo gives rise to the larva and the set-aside cells to the adult body plan are likely to have a shared evolutionary origin. A glance at Fig. 1 implies that this origin was the latest common ancestor of bilaterians.
ORIGIN OF THE BILATERIANS
Three major points derive from the recent observations we review here. These relate to phylogeny, to the polarity of the transitions which have occurred in many bilaterian clades between indirect and direct development, and to the requirement in bilaterian development for regional specification mechanisms, specifically those mediated by Hox cluster genes.
Current phylogenies, such as that shown in Fig. 1 , alter some conventional attitudes that have misled attempts to envision the characters of stem-group bilaterians. One such   FIG. 3 . Hox gene expression in larvae of the polychaete annelid, Chaetopterus. Plastic thick sections were made from whole-mount in situ hybridizations prepared by Steve Irvine . (A) The CH-Hox2 expression pattern in a L1-stage larva (see is the classical textbook assumption that nematodes and/or flatworms can be considered for this purpose surrogates for basal forms, which could provide indices of the nature of the ancestral organisms from which all bilaterians derived. But we now see that nematodes emerge from a bush of ecdysozoan diversifications, and flatworms are lophotrochozoans.
3 Nematodes thus do not reveal characters expected of deuterostome, or lophotrochozoan ancestors, and flatworms do not indicate the nature of ecdysozoan ancestors, though both could represent reduced and simplified versions of their respective clades. The adult body plans of neither can be taken as particularly indicative of bilaterian ancestry, as was assumed according to their apparently "primitive" character suites (the same is true of rotifers, contra our earlier suggestion [Peterson et al., 1997] ). Among the several conventional arguments produced by the false assumptions that nematodes or acoel flatworms are surrogate basal bilaterians was that the ancestor of the bilaterians had to be a direct developer.
The new evidence that we review regarding the polarity of transitions between direct and indirect development places this difficult discussion on a different footing. There can now be no question that the primitive echinoid condition was indirect development and that the polarity of the transitions which have frequently and independently occurred during echinoid evolution is always toward direct development. This argument refers to other echinoderm classes as well, and by outgroup analysis it extends clearly to the whole echinoderm-hemichordate clade (see above and Fig. 2) . The similarities between echinoderm and enteropneust hemichordate larvae that were classically recognized in the forms of their coeloms (Hyman, 1959) , for example, now extend to the expression patterns of a key regulatory gene, as we review above. These similarities are most likely homologies, characters inherited from a common, indirectly developing ancestor, at node H of Fig. 2 . However, without an outgroup, since the chordates are all direct developers (Nielsen, 1998) , we cannot know the character state of the latest common deuterostome ancestor at node I. Thus it is an important issue whether the trochophore larvae of spiralian protostomes can serve as such an outgroup; i.e., might these larvae be homologous with deuterostome larvae? Here the evidence is far scantier and the argument thinner. As noted in the foregoing, modern gene transfer experiments have shown that annelid and molluscan larvae utilize a common and detailed specification mechanism for a precise larva-specific cell type. We are struck by the many mechanistic and developmental features held in common between deuterostome and lophotrochozoan larvae, though the morphological organization of their cell lineages differs greatly. Our current studies on the utilization of Hox genes in the polychaete Chaetopterus and the echinoid Strongylocentrotus adds a new and powerful additional character that is held in common between these clades, viz. their similar and equivalent utilization of the Hox gene complex in set-aside cells early in the process of adult body plan formation, despite the great distinctions in their individual modes of indirect development.
In Fig. 4 we diagram our image of the evolutionary diversification that led to the Bilateria, as discussed in this paper. The topology of the top portion of this figure is required by the phylogeny in Fig. 1 , and the purple dashed lines indicate just three of the innumerable unknown nonsurviving lineages that must have arisen during the early evolutionary history of bilaterians and antedate the latest common ancestor of recent bilaterians (solid black circle). We have no way of assigning time depths to any aspect of this period of bilaterian evolution, except that the three bilaterian clades must have separated and begun to diverge at least by the time of the Ediacaran fauna, just preceding the Cambrian (see review of Knoll and Carroll, 1999) , and the bilaterians as a whole probably diverged from their diploblast relatives around 1200 -1500 Ma ago (Wang et al., 1999) .
Trying to imagine the morphological attributes of ancestral stem-group bilaterians is something of a project for the "X-files," and our intent is rather to focus on the developmental regulatory capabilities by which we wish to define key stages of bilaterian stem-group evolution. The earliest of these, at internode 1 of Fig. 4 , is recognized by the exclusive use of Type 1 regulatory processes for building an organism from an egg. Therefore these organisms were small, comprising only a few thousand cells, which were immediately specified to differentiate in one of a few ways during development. These animals may have been ciliated; they had no mesodermal layers, no CNS, and no Hox gene complex. In considering the likely form of these animals, we use the grade of organization of modern larvae as an index, but do not assume any particular aspect of their life history nor assume the 3 Recently, Ruiz-Trillo et al. (1999) sequenced the 18S rRNA gene from several acoel flatworms and suggested that acoels are basal bilaterians and not members of the Lophotrochozoa. However, three of the five acoel characters given by Ruiz-Trillo et al. (1999) are shared with nemertodermatids, another "turbellarian" group of flatworms (interconnecting ciliary rootlets, the tips of epidermal cilia with a distinct step, and absence of protonephridia; Ax, 1996, see also Littlewood et al., 1999) . The distinctive nature of the frontal gland complex (Ehlers, 1992) is another character shared between acoels and nemertodermatids . Nemertodermatids are clearly flatworm lophotrochozoans even according to Ruiz-Trillo et al. (1999) . Furthermore, phylogenetic analysis of another ribosomal gene (28S rRNA) is congruent with the morphology, suggesting that acoels and nemertodermatids are sister taxa, and both are more closely related to other flatworm groups than they are to nemerteans (another lophotrochozoan taxon; see Fig. 1 ) (Litvaitis and Rohde, 1999) . Finally, a maximumlikelihood analysis of partial 18S rRNA sequences of acoel species different from those analyzed by Ruiz-Trillo et al. (1999) places acoels well within the Platyhelminthes (Campos et al., 1998) . Given that both morphological and two molecular phylogenetic analyses suggest a flatworm affinity of acoels, and the conflicting nature of current evidence, we provisionally continue to regard acoels as lophotrochozoan flatworms. presence of any particular structure (e.g., ciliated bands). At a later point, internode 2 of Fig. 4 , the mechanisms fundamental to development of all adult bilaterians that we know of had just begun to emerge. These bilaterally symmetrical organisms had added to the regulatory repertoire of their ancestors the ability to generate and   FIG. 4 . A simplified phylogeny of the bilaterians, which illustrates the position of the evolutionary transitions in developmental mechanism that we postulate in the text. The hatched inverted triangles represent the respective crown groups which appear to have diverged by the beginning of the Cambrian (545 Mya; Knoll and Carroll, 1999) . The purple dashed lines represent lineages (indicated by a letter) which are more closely related to the crown-group bilaterians than they are to cnidarians, but which became extinct before the divergence of crown-group bilaterians and hence are stem-group lineages (Jefferies, 1979) . The evolutionary acquisitions discussed in text are indicated at the numbered internodes. Hence the stem-lineage A would have used Type 1 embryogenesis, but would not have been bilaterally symmetrical nor had set-aside cells. The extinctions of each stem lineage (A-C) are of course arbitrary with respect to one another and to geologic time. At the internode before the divergence of cnidarians and bilaterians, the developmental regulatory apparatus primarily controlled expression of genes necessary for canonical cell functions and for construction of several differentiated cell types. Type 1 embryogenesis is the first regulatory invention within the bilaterian lineage (1). The next internode (2) is characterized by the invention of set-aside cells and the appearance of bilateral symmetry. After the appearance of the modern patterning apparatus at the next internode (3) the crown-group bilaterian clades diverged. The date for the base of the Cambrian is from Bowring et al. (1993) and Grotzinger et al. (1995) ; the date for bilaterian/cnidarian divergence is from Wang et al. (1999) . A number of molecular divergence studies now indicate that the bilaterian crown group may have originated (solid circle) as much as 630 -1200 Mya (e.g., Wray et al., 1996; Ayala et al., 1997; Bromham et al., 1998; Gu, 1998; Lynch, 1999; Wang et al., 1999) . Ma, million years. It is important to note that this diagram is not intended in any way to indicate the geologic times of any of the stages indicated, except where noted.
developmentally utilize set-aside cells to produce additional useful structures, which contained more cells than their ancestors could mobilize. Perhaps they used these to generate simple lobes used as an aid for feeding, locomotion, or gas exchange; they must have conferred some practical advantage.
At internode 3 of Fig. 4 is shown regulatory characters required of the latest common ancestor of the bilaterians. The regulatory repertoire now approaches that shared by all extant bilaterian organisms (except for those individual clades of modern bilaterians that have lost portions of this ancestral repertoire, e.g., in C. elegans hedgehog signaling ligands and a complete canonically organized Hox gene cluster; Ruvkun and Hobart, 1998) . In addition to the Type 1 regulatory package for embryogenesis it now possessed regional specification mechanisms that could impose spatial regulatory status on relatively massive numbers of growing cells (compared to any of its ancestors). The animals utilizing these mechanisms built mesodermal layers and some form of CNS, at least in their adult phases. Their structures were axially organized, and thus they deployed vectorial mechanisms in their spatial development, including organizer systems that secrete diffusible signaling factors, and also the Hox gene complex. With respect to the evolutionary stages indicated in Fig. 4 , the Hox complex would have arisen between internodes 2 and 3. How did it arise, and what was it used for? First, it is important that cnidarians do not have a Hox cluster like that of bilaterians. There appear to be only two members in the cnidarian "cluster," an anterior (Hox1-or Hox2-like) and posterior Hox9-to Hox13-like gene, with relatives of other Hox gene types (Hox3-8) conspicuously absent (Finnerty and Martindale, 1998; Martinez et al., 1998) . Moreover, the expression of one of these genes (Cnox1-Pc, a posterior-type gene; Martinez et al., 1998 ) is limited to a single cell type (Aerne et al., 1995) , unlike Hox gene expression in bilaterians. There are also expression data for another gene, Cnox2, which again is expressed dynamically in a single cell type (Shenk et al., 1993a,b) , but this appears to be a ParaHox gene related to Gsx and not a Hox gene (Bü rglin, 1994) . Hence, a Hox complex consisting of at least seven genes (de Rosa et al., 1999) appears to be a bilaterian invention. The key to understanding its origins in bilaterians may lie in the concept of the cooption of abstract spatial patterning mechanisms (Davidson, 1994; Lowe and Wray, 1997) . The Hox complex is essentially a vectorial patterning system consisting of a linked set of genes encoding similar transcription factors. The developmental expression of these regulators in a linear positional array depends in some way yet unclear on their chromosomal order. In post-Cambrian evolution the vectorial spatial regulatory capacity of the Hox complex has been repeatedly coopted, above and beyond its function in A-P axis specification. For example, in fish and tetrapods the Hox complex is utilized in appendicular axial specification within the limb bud (reviewed in Shubin et al., 1997; Coates and Cohn, 1998) , in amniotes it is used in the specification of axial positions in the urogenital tract (Kondo et al., 1997; Taylor et al., 1997) , and in mammals even to provide a temporal rather than spatial regulatory sequence in hematopoietic differentiation (Carè et al., 1994) . In order to position the origin of the vectorial Hox gene regulatory system in early bilaterian evolution, we point out that it must have arisen following the appearance of set-aside cells (internode 2 of Fig. 4) , since it would not have been useful before this, i.e., in the context of purely Type 1 embryonic process. Hox complex function is always to specify regulatory states in populations of growing cells. The morphological nature of the structures deriving from set-aside cells in which a Hox cluster was first used for spatial patterning is at present unknowable; it could have arisen and its vectorial function been applied to development of any kind of structure in which specification of axial regulatory positions was useful. In Fig. 4 the extinct stem-group animals at C could thus represent a variety of forms in which the evolving vectorial Hox complex was used in a variety of ways. The successful survivor among the stem-group forms was that which coopted the Hox complex to specification, within set-aside cell progeny, of what became the A-P axis of the adult body plan.
The animals between internodes 2 and 3 of Fig. 4 may have been benthic, or pelagic, or they may have utilized some other mode of existence. However, the forms after internode 3 would have still had to utilize regulatory mechanisms for constructing the platform upon which to mount and develop the progeny of their set-aside cells that were similar to those utilized by their ancestors at internodes 1 and 2. In this sense their development could now be termed indirect, because the adult forms were produced indirectly, and what had been the adult form after internode 1 has now become merely a developmental platform. The latest stem bilaterian after internode 3, represented by the solid dot in Fig. 4 , was ancestral to the directly developing Ecdysozoa as well as to Lophotrochozoa and Deuterostomia, for which we conclude indirect development is primitive. Thus the ecdysozoan common ancestor per se must have lost the larval "form," which was still preserved in the ancestor of all protostomes. Figure 4 , in sum, describes stages of increasing developmental regulatory capability. The developmental hardwiring which defines the bilaterian genome did not "spring forth fully blown" to appear all at once in the "urbilaterian." It was assembled in stages, no doubt as external conditions rendered useful the potential developmental outcomes (see discussion in Knoll and Carroll, 1999) . It was assembled from a far more ancient set of regulatory genes; regulatory network assembly is the gist of genomic evolution. This process involved gene duplication and genomic organization, but above all the making and breaking of thousands upon thousands of intergenic regulatory connections. Many of these interconnections remain, in their various forms, programmed into the genomic sequences of the modern Bilateria.
